A series of cylinder drag experiments were conducted using the density-matching Poly-Styrene Beads particle-fluids mixture to study the flow characteristics of liquefied sands. PIV technique was used to visualize the velocity fields around the moving cylinder. SPH (Smoothed Particle Hydrodynamics) simulations were also conducted to compare with the experimental results. Experiments results show that the solid fraction of 0.555 is quite important in this particle fluid mixture because the drag force exerted on the cylinder increases sharply with the solid fraction if it is greater than this value. This value coincides with the random loose packing density of mono-disperse spheres. PIV analysis shows that the velocity fields are quite localized around the cylinder, and the localized zone is expanded more in the moving direction than in the perpendicular direction. On the other hand, it turned out that the SPH simulations with a simple viscous fluid model cannot reproduce the similar velocity field, which indicates this particle-fluid mixture cannot be regarded as viscous fluid.
INTRODUCTION
Mechanical behavior of liquefied sand is quite complicated. Macroscopically, liquefaction is understood as the phenomenon that sand behavior changes from solid-like to fluid-like one due to the application of cyclic shear under constant volume condition. In sand grain scale, inter-granular contact force network is damaged by the cyclic shear, and finally all the contacts are lost and the grains float in a pore fluid. Despite a number of previous research, there are still essential difficulties in modeling such behavior.
To date, many liquefaction experiments have been carried out to explain the mechanism. Towhata and Ishihara et al. 1) studied sand behavior subjected to rotational shear and proposed a constitutive model for rotational shear model. Kawakami et al. 2) and Miyajima et al. 3) tended to regard the liquefied sand as a viscous fluid, and calculated the viscosity of liquefied sand by conducting experiments of dragging a steel sphere up and down in complete liquefied sand. Results show that viscosity is dependent on the void ratio and velocity of the moving sphere. Hamada and Wakamatsu 4) conducted researches on lateral displacement of inclined liquefied ground model, and use pseudo-plastic flow to describe its property: the viscosity decrease as the shear strain rate increase. They also found that liquefied sand will return to solid again while a certain shear strain is reached, which is confirmed by Yasuda et al 5) as the recovery of rigidity. Shimizu 6) conducted a series of shaking table model experiments to visualize the dynamic behavior of liquefied sand around a rigid pile model, and validated that equivalent viscosity of liquefied sand is about 1000 to 10000 times of water. Based on the experimental results, some numerical simulations were carried out to study the liquefaction flow characteristic. Hadush et al. 7) used CIP (cubic interpolated pseudo-particles) methods, which is able to treat solid, liquid and gas together, to study the effects of lateral flow of liquefied sand using the Bingham fluid model, and results satisfactorily reproduced the time history of ground surface velocity and displacement even the depth distribution of displacement. Shimizu 6) used SPH (Smoothed Particle Hydro-dynamics) method, in which constitutive model is described as a combination of frictional elasto-plastic solid model and viscous fluid model, to simulate flow behavior around a pile, and results showed that the stick-slip behavior can be reproduced by the simple solid-fluid mixture model, which is also similar to Bingham fluid.
In order to conduct research on flow behavior of liquefied sand, a lot of preparation work needs to be done. Generally, there are two main ways to make liquefied sand 2) . One is through vibratory excitation, such as sinusoidal wave, and measuring the pore water pressure at the same time until complete liquefaction was induced. The other way is through upward seepage, by setting an appropriate water head difference and hydraulic gradient. According to the effective stress principle and Darcy's Law, when complete liquefaction occurs, effective normal stress becomes 0 if hydraulic gradient i satisfy the following equation: 1 1
Here G is the specific gravity, and e is the void ratio of the sand respectively. However, we should note that these methods have always encountered the difficulty in keeping the state of liquefied sand unchanged. Because sand particles in liquefied state tend to sediment due to gravity, and the mechanical properties change in depth.
In order to overcome these difficulties, the authors attempted to use Poly-Styrene beads (hereinafter referred to as PS beads) in this study as it has a similar density (1.05 g/cm 3 ) to pure water. By adding a small portion of compound like Sodium Poly-Tungstate (SPT) powder for heavy aqueous solution, perfect density matching of PS beads suspension was realized, which means PS beads are suspending in the suspension like perfectly liquefied sands. Accordingly, this particle-fluid mixture is more capable of keeping stable liquefied state than the common experiments using sands.
Aqueous SPT is non-toxic, non-flammable, reusable and additionally it has a low viscosity. Due to its very high solubility in water (max density of 3.1 g/cm 3 ), SPT is widely used as a heavy liquid [8] [9] . Otake 10) conducted a series of sphere drag experiments and found that the equivalent viscosity of beads-fluid mixture shows similar tendency as that of liquefied sands 4) . Hence we expected to simulate the liquefied sand by using this density-matching particle-fluid mixture.
Then a series of cylinder moving experiments were performed using the above density-matching particle-fluid mixture of different solid fraction, and the drag force exerted on the cylinder were measured to analyze the flow characteristics. PIV (Particle Image Velocimetry) technique was also used for observing flow velocity field around cylinder. Finally, SPH (Smoothed Particle Hydrodynamics) simulations using a simple viscous fluid constitutive model were performed to make a comparison with the experimental results in a quantitative way.
CYLINDER DRAG EXPERIMENT
(1) Experimental set-up Fig.1 shows the sketch of the experimental apparatus. An acrylic rectangular box with a length of 480mm, a width of 200mm and a depth of 190mm were filled up to about half-full with the mixture of spherical PS beads (Shown in Fig.2 ), whose diameter is between 0.7 to 1.1mm. These PS beads is of the following physical properties: a density of 1.05 g/cm 3 , a maximum void ratio of max e =0.733 and a minimum void ratio of min e = 0.671 respectively. Six samples (A~F) were made by using different amount of SPT solution and PS beads with various solid fraction as shown in Table 1 , where Mw and Mb is the mass of SPT solution and PS beads, S is the solid fraction, e is the void ratio, and Dr is the relative density respectively. The relation between solid fraction S and void ratio e is:
An acrylic cylinder of 25 mm diameter, embedded in advance, is attached to a load cell that can measure the drag force while it moves in length direction with constant velocity of v=10, 30, 50, 80 and 100mm/s respectively. In order to obtain the velocity field, some portion of colored beads were mixed so that we can use high speed camera to trace it for PIV analysis. The camera is set under the bottom of the water tank, and photographs were taken in every 0.02 seconds. Fig.3 is a picture of the experiment. 
(2) Experimental results a) Drag force
The time-history curve of drag force exerted on cylinder is measured by load cell in rate of 0.001. Fig.4 is an example of the results when solid fraction is 0.582 and velocity of cylinder is 50mm/s. For each case of different velocity and solid fraction, we made 10 trials and chose the relatively stable part, and then calculated the mean value. Fig.6 shows the measured drag force exerted on cylinder in different cases. According to the figure, drag force increases as the velocity of the cylinder increase in all cases, and seems to be a semilogarithmic linear relation. Fig.7 is the same results but defining horizontal axis as solid fraction. It can be seen from the figure that the drag force is in a low level when solid fraction is less than 0.555, but increase sharply if it is greater than this value. This corresponds to the phase transition point, referred to as the random loose packing state or the jamming point in the granular physics, whose density is reported as SRLP=0.550 ± 0.006 [11] [12] . When S < SRLP, no inter-granular contact points is persistent, and the drag force is mainly exerted by the pore fluid flow, and the grain-fluid mixture behaves as a fluid. It should be noted that SRLP is smaller than that of the maximum void ratio (Semax=0.577) measured by the testing protocol JSF T161-1990 13) , possibly because of the gravitational compaction during the test. 
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Where  and  are the density and the viscosity of the medium, d and v are the diameter and velocity of the cylinder, CD is the drag coefficient, and Re is the Reynolds number respectively. In low Reynolds number when Re < 10, the drag coefficient can be expressed as formula (4) . Therefore, the equivalent viscosity  can be computed from the measured FD, which is and plotted in Fig.8 and Fig.9 .
According to Fig.8 , the equivalent viscosity of this dense-particle fluid system decreases as the velocity increase. These findings were consistent to Hamada et al 4) 's research, and they describe it as pseudo-plastic flow. Fig.9 indicates the equivalent viscosity increase as the solid fraction increase which is not a constant, and also there is a sharp change when solid fraction is greater than 0.555. When the experiment was carried out with larger solid fraction than 0.582, a noticeable heave occurs in front of the cylinder at the surface of the model ground. Due to the sensitivity and the limitation of range of the load cell, measurement of the drag force became difficult. Fig.5 shows an example of the picture taken from the bottom of the water tank when the cylinder is in the middle of the image. By analyzing a series of continuously taken pictures, the velocity fields were obtain as shown in Fig.10 . (Velocity change from v =50mm/s to v=100mm/s and solid fraction from S =0.555 to S=0.586)
c) PIV analysis
In Fig.10 , cylinder is in the middle of every figure, and the legend is the velocity proportion of the maximum velocity, which is the constant velocity of the moving cylinder. According to Fig.10 , velocity fields change as the velocity and solid fraction increases. Although apparent differences are hard to tell, it can be seen that effects of the moving cylinder are quite localized around cylinder.
In order to analyze the velocity fields in a quantitative manner, the velocity data along the moving direction and perpendicular direction within I_403 3.5 times of diameter region were extracted and drawn in Fig.11 and Fig.12. (Gray circle is the cylinder part). Comparing these figures, we have several qualitative findings: 1) Moving cylinder affects more in the moving direction than the perpendicular direction.
2) For small solid fraction, the differences between velocity variations are more obvious, especially in the area behind the moving cylinder. For large solid fraction, effects are almost the same.
3) In moving direction, the effects of the moving cylinder in large solid fraction transmit to area in front of the cylinder, which is hard to be seen in small solid fraction.
4) In perpendicular direction, there is a minimal velocity value occurs in about 0.5 to 1.0 diameter region. 5) All the velocity fields are localize in one diameter zone from the center of the cylinder.
It can be inferred that the bigger the solid fraction is, the more localized area it will be. These findings may be the results of two aspects: one is the difference in equivalent viscosity; the other is the difference of interaction forces between the PS beads particles. The former is fluid factor, and the latter is the solid factor.
In order to clarify the flow characteristics of liquefied beads-fluid mixture, a series of 2D Smoothed Particle Hydrodynamics (SPH) simulation were carried out with a basic viscous fluid model.
SPH SIMULATION (1) Overviews of SPH method 6), 17)
SPH is short for Smooth Particle Hydrodynamics. It is a mesh less method which has an advantage of simulating large deformation problem of a continuous medium. In this method, the continuum is discretized with particles that can transmit the continuum quantities such as density, stress and strain.
a) Simulation procedure
The discretization includes kernel approximation and particle approximation. Kernel approximation is described as follows:
() fx is the quantity, and W is a smoothed function, h is the smoothing length and x is the positon vector. We used the quintic function as the kernel function shown below: . The particle approximation is described as:
Where j m is the mass and j  is the density of particle j. N is the number of neighbor particles within the search length. Strain rate is computed by:
Stress rate is computed by:
Particle force is computed by:
And the equation of motion can be described as:
Where i v is the velocity of the particle and g is the gravitational acceleration.
b) Constitutive model
In this research, we used the incompressible newton viscous fluid which satisfy the Navier-Stokes equation. The constitutive equation is described as: Where c is the stress-density coefficient. For incompressible fluids, we should make the density variation very small ( /   3%). As for implementation, we usually set an initial value and get the density variation, and then change it to achieve a desired result.
c) Boundary condition
As for boundary condition, Takeda et al. 15) and Morris et al. 16) proposed a no-slip boundary for flows around a cylinder under low Reynolds number. In this research, we do not adopt such special treatment, but the particles composed of the pile and the side boundaries are just the fluid particles whose I_404 displacement is controlled. We confirmed the performance of the code in some basic flow problems such as Poiseuille flow in the preliminary study, and the following subsection is also devoted to the verification of the code.
(2) Verification of SPH simulation
Three types of particle size (6.25mm, 3.125mm, and 2.5mm) were used to examine the discretization effect. Note that theoretical drag force, calculated by formula (3) ~ (5) is the results of cylinder moving in an infinite area without boundary, the boundary effect should also be checked. We used 4 types of boundary size, which are equal, 2 times, 4 times and 8 times to the original water tank size of 200mm× 480mm in both length and width. Fig.13 is the discretization model of different particle size. The black particles is the cylinder part and gray particles is the PS beads mixture.
We set the viscosity  to be 1.0 Pa· s and cylinder moving velocity to be 50 mm/s as the fundamental parameters, and compare the drag force results in both simulation and theoretical way. Results are shown in Fig.14 , which indicates an obvious boundary effects. As the boundary size increase, the drag forces decrease and collapse to the theoretical value 0.363 N/m. On the other hand, small particle size results in larger drag force, which increases computing accuracy, but also becomes timeconsuming. We tried to simulate small discretization size in 8 times' wider boundary but failed due to the limitation of computer. However, it could be inferred that as the boundary size increases and particle size decreases, drag force should be consistent to the theoretical results computed by equation (3) to (5) .
(3) Simulation results
Considering both the experiments and simulation contain the boundary effects, it seems to be inappropriate to use equivalent viscosity computed by experiments. We inversely try a series of viscosity till the same drag force is realized in the SPH simulation. Fig.15 shows the fitting results. For each velocity cases, the drag force increase as viscosity increase in almost linear relation in SPH simulation. Compared to drag force computed by equation (3) should be due to boundary effects and discretization size. Since the drag force in experiments were obtained, we can easily get the equivalent viscosity in SPH simulation. For instance, for the case of solid fraction 0.582, and velocity 100mm/s, it can be fitted that equivalent viscosity equals 9.6 Pa· s. It is confirmed that using the fitting value, the same drag force were obtained. Then velocity fields were compared and one of the examples is shown in Fig.16 , in which the parameter of solid fraction, velocity, and the boundary size are identical to Fig.10 (e) . Legend is the same as before that shows the velocity proportion. Great differences were also founded. The effects of cylinder transmit to further area in SPH simulation. Fig.17 and Fig.18 shows the differences in quantitative way. In simulation results, the velocity is about 2 to 3 times larger than that in the experiments in one diameter away from the center of cylinder.
Although the same drag force can be achieved in simulation, all these differences indicate that PS beads mixture cannot be treated as viscous fluid model. In fact, when the experiment was carried out with larger solid fraction than 0.582, a noticeable surface heave occurs in front of the cylinder, which is obviously the results of solid factors, but there is no parameter that can describe the variation in solid fraction in the equivalent viscous fluid model. That is also the reason why we didn't compare the experimental and simulation results of S=0.586 when v is greater than 30mm/s. In those denser cases, 2D SPH simulation seems to be inadequate. As reported in Refs.4 and 5, the liquefied sand recovers its rigidity under monotonic shear application. This is regarded as the phase change from fluid to solid. Such phase change is expected to occur in the vicinity of the pile, possibly leading to the much limited localization zone observed in the experiment in comparison with the viscous fluid simulation. Therefore, the key issue toward the better simulation must be implementation of the phase change.
CONCLUSION
We performed a series of cylinder drag experiments using the density-matching PolyStyrene Beads particle-fluids mixture to study the flow characteristics of liquefied sands. PIV technique is introduced to obtain the velocity field of the mixture induced by the cylinder movement. In addition, SPH simulations with a simple viscous fluid model were performed to compare to the experimental results. Based on the obtained results, the following conclusions can be drawn:
1) The random loose packing density of monodisperse spheres (SRLP=0.555) is very important in this PS beads fluid mixture. The drag force exerted on the cylinder increases sharply with the solid fraction if it is greater than this value, which indicates the phase change from fluid to solid in the fluid mixture system.
2) Velocity fields are quite localized in the experiments in one diameter zone of the moving cylinder, which may be also due to the phase change from fluid to solid (recovery of rigidity).
3) The particle-fluid mixture cannot be regarded as viscous fluid. More realistic constitutive model that can reproduce the phase change should be explored.
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